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“The highest reward for a person’s toil is not what they get for it,
but what they become by it.”
– John Ruskin, British art critic –
“Nothing in life is to be feared, it is only to be understood.”
– Maria Curie, French physicist and chemist –

iii

ACKNOWLEDGMENTS
A project is not truly complete until those responsible for helping along the way have
been acknowledged. Firstly, a special thanks to my adviser, Dr. Steven H. Collicott, for
the original inception of the project as well as the numerous discussions there after. His
expertise on capillary fluid dynamics and Surface Evolver as well as his general guidance
throughout my master’s work has been invaluable.
Thank you to my research group for listening to my weekly research updates. A special
thanks to Guillermo Jaramillo for offering your precious time and experience with regards
to troubleshooting ANSYS Fluent glitches. Thanks to Saverio Rotella for always offering
help and insight on the finer details of experimental design.
I am grateful to the Aerospace department administrative staff, especially Jennifer
LaGuire, Lisa Crain, and Linda Flack. Without their experience, navigating the logistics of
graduate school would be difficult and ever so much more painful.
My thanks to Arjun Rao for the random Aerodynamics conversations and for insisting
on editing my thesis. If grammatical mistakes are found, please speak to him. Also, a
special thank you to Heather Wiest for the persistent encouragement and always finding
the silver lining throughout the inevitable research ups and downs.
I also wish to thank my family for listening to my constant graduate school rambles
and not harassing me too much about still being in school. Lastly, I would like to thank my
husband for not only believing in me but always encouraging me to chase my dreams.

iv

TABLE OF CONTENTS
Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ix

ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xi

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xii

1 INTRODUCTION . . . . . . . . .
1.1 Background . . . . . . . . .
1.2 Thesis Objective . . . . . . .
1.3 Proposed Experimental Setup
1.4 Thesis Outline . . . . . . . .

.
.
.
.
.

1
1
3
4
4

2 LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1 General Theoretical & Experimental Research . . . . . . . . . . . . . .
2.2 Thermocapillary Instability Focused Research . . . . . . . . . . . . . .

6
7
17

3 FEASIBILITY ANALYSIS . . . . . . .
3.1 Reduction of Governing Equations .
3.2 Feasibility Analysis Accuracy . . .
3.3 Conclusions . . . . . . . . . . . .
3.4 Dimensionless Parameters . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

21
21
26
27
28

4 EXPERIMENT DESIGN . . . . . . . . . . . . . . . . . . . . . . .
4.1 International Space Station Fluids Integrated Rack Specifications
4.2 Channel Design . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Liquid Analysis . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

31
31
33
38

5 SURFACE EVOLVER ANALYSIS . . . . . . . . . . . . . . . . . . . . . .
5.1 Surface Evolver Background . . . . . . . . . . . . . . . . . . . . . . .
5.2 Surface Evolver Gas-Liquid Interface Analysis . . . . . . . . . . . . .

41
41
42

6 CONCLUSIONS AND FUTURE WORK . . . . . . . . . . . . . . . . . . .
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

47
47
48

LIST OF REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

A Surface Evolver Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

v
Page
B Multiphase Flow and Fluent Results . . . . .
B.1 Multiphase Flow Theory . . . . . . . .
B.2 Multiphase Flow Modeling . . . . . .
B.2.1 Euler-Lagrange Method . . . .
B.2.2 Euler-Euler Method . . . . . .
B.2.3 Volume of Fluid Method . . . .
B.3 Computational Fluid Dynamics . . . .
B.3.1 The Finite Volume Method . .
B.3.2 Coupled and Segregated Solvers
B.3.3 ANSYS Fluent Analysis . . . .

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

57
57
59
59
60
60
61
61
61
62

vi

LIST OF TABLES
Table

Page

3.1

Physical properties of water & 5 cSt PDMS . . . . . . . . . . . . . . . . .

26

3.2

Comparison to LDV results for decane and acetone from De Saedeleer et
al. [34] and Villers & Platten [33], respectively . . . . . . . . . . . . . . .

26

Resultant estimations for water & 5 cSt PDMS in channel with length L, depth
H = 5 cm, and T = 50 K . . . . . . . . . . . . . . . . . . . . . . . . .

27

3.4

Dimensionless parameter values for proposed experiment arrangement . . .

30

4.1

FIR specification overview . . . . . . . . . . . . . . . . . . . . . . . . . .

32

4.2

Sizing of helical geometry for various channel lengths . . . . . . . . . . .

36

4.3

Channel material volume & mass estimates for designed channel grooves . .

37

4.4

Heating tape electrical specifications

. . . . . . . . . . . . . . . . . . . .

38

4.5

Physical properties of 5 cSt & 10 cSt PDMS . . . . . . . . . . . . . . . . .

39

4.6

PDMS volume & mass estimates for designed channel grooves . . . . . . .

39

4.7

Physical property comparison between PDMS and typical propellants . . .

40

5.1

Surface Evolver channel dry-out conditions for rectangular groove (8 cm by
5 cm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

5.2

Surface Evolver channel dry-out conditions for square groove (L = W ). . .

44

5.3

Resultant estimations for 5 cSt PDMS in channel with length L, depth H, and
T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

3.3

vii

LIST OF FIGURES
Figure
1.1

Page

Sketch of two-phase flow interface between immiscible fluids (From Ref. [5]
p. 82). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2

Wall temperature contour of satellite fuel tank after 10 hr heating period (From
Ref. [9] p. 835). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

1.3

Schematic of two-dimensional experiment setup. . . . . . . . . . . . . . .

4

2.1

Schematic of two-dimensional Sen & Davis theoretical setup (From Ref. [3] p.
164). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7

Composite streamlines and interface shape (Case I, L = 1, nondimensional
scale, From Ref. [3] p. 178). . . . . . . . . . . . . . . . . . . . . . . . . .

8

Composite streamlines and interface shape (Case II, L = 1, m = 0,
nondimensional scale, From Ref. [3] p. 180). . . . . . . . . . . . . . . . .

9

Composite streamlines and interface shape (Case II, L = 1, m = 1,
nondimensional scale, From Ref. [3] p. 180). . . . . . . . . . . . . . . . .

9

Interface deformation due to variations in capillary number (Case I , L = 1,
nondimensional scale). (From Ref. [3] p. 179) . . . . . . . . . . . . . . . .

10

Flow fields of 0.65 cSt PDMS (mm scale X:Z=1:2).
(a) T = 2 o C, (b) T = 6 o C, (c) T = 14 o C. (From Ref. [18], p. 237) . .

13

Flow fields of 5 cSt PDMS (mm scale X:Z=1:2).
(a) T = 2 o C, (b) T = 6 o C, (c) T = 14 o C (From Ref. [18], p. 238) . .

13

Steady flow experiment images. (a) Terrestrial Conditions. (b) Microgravity
Conditions. Schematic of experiment test section on the right with test cell
length of 7.3 cm. (From Ref. [22]) . . . . . . . . . . . . . . . . . . . . . .

15

3.1

Velocity profile sketch for the core flow of liquid within the channel. . . . .

22

4.1

Fluids Integrated Rack (From Ref. [38] p. 5). . . . . . . . . . . . . . . . .

32

4.2

Rectangular groove design. . . . . . . . . . . . . . . . . . . . . . . . . .

34

4.3

V-Channel design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

4.4

Bucket channel design.

. . . . . . . . . . . . . . . . . . . . . . . . . . .

35

4.5

Helical channel orientation. . . . . . . . . . . . . . . . . . . . . . . . . .

36

1.2

2.2
2.3
2.4
2.5
2.6
2.7
2.8

viii
Figure
5.1
5.2
5.3

SE interface solution for 100 ⇥ 8 ⇥ 5 cm channel with
SE interface solution for 100 ⇥ 8 ⇥ 5 cm channel with

Page
T = 2 K. . . . . .

42

T = 4 K. . . . . .

43

SE interface solution for 100 ⇥ 10 ⇥ 10 cm channel with T = 10 K. Upper
image: angled view. Lower image: side view. . . . . . . . . . . . . . . . .

B.1 Classification of gas-liquid flows (From Ref. [48] p. 2). . . . . . . . . . . .

44
59

ix

SYMBOLS
Roman Symbols
A

Channel aspect ratio (d/`)

Bi

Biot number

Bodyn

Dynamic Bond number

Ca

Capillary number

cp

Specific heat capacity, J/(kg · K)

d

Liquid depth, m

Ec

Eckert number

f

Body forces, N

g

Acceleration due to gravity, m/s2

Gr

Grashof number

H

Total liquid height, m

h

Heat transfer coefficient, W/(m · K)

hg
k
kE
kl

Heat transfer coefficient within gas, W/(m2 · K)
Thermal conductivity, W/(m · K)
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ABSTRACT
Alberts, Samantha J. M.S., Purdue University, May 2014. Feasibility Analysis of
Large Length-Scale Thermocapillary Flow Experiment for the International Space Station.
Major Professor: Steven H. Collicott.
The investigation of microgravity fluid dynamics emerged out of necessity with the advent
of space exploration. In particular, capillary research took a leap forward in the 1960s with
regards to liquid settling and interfacial dynamics. Due to inherent temperature variations
in large spacecraft liquid systems, such as fuel tanks, forces develop on gas-liquid interfaces
which induce thermocapillary flows. To date, thermocapillary flows have been studied in
small, idealized research geometries usually under terrestrial conditions. The 1 to 3 m
lengths in current and future large tanks and hardware are designed based on hardware
rather than research, which leaves spaceflight systems designers without the technological
tools to effectively create safe and efficient designs.
This thesis focused on the design and feasibility of a large length-scale thermocapillary
flow experiment, which utilizes temperature variations to drive a flow. The design of a
helical channel geometry ranging from 1 to 2.5 m in length permits a large length-scale
thermocapillary flow experiment to fit in a seemingly small International Space Station
(ISS) facility such as the Fluids Integrated Rack (FIR). An initial investigation determined
the proposed experiment produced measurable data while adhering to the FIR facility
limitations. The computational portion of this thesis focused on the investigation of
functional geometries of fuel tanks and depots using Surface Evolver.
This work outlines the design of a large length-scale thermocapillary flow experiment
for the ISS FIR. The results from this work improve the understanding thermocapillary
flows and thus improve technological tools for predicting heat and mass transfer in large
length-scale thermocapillary flows. Without the tools to understand the thermocapillary
flows in these systems, engineers are forced to design larger, heavier vehicles to assure
safety and mission success.

1

1. INTRODUCTION
1.1

Background

The investigation of fluid dynamics in microgravity emerged out of necessity with the
advent of space flight. Microgravity capillary fluid research, specifically, began in the early
19th century while research geared towards fuel storage and management with regards
to liquid settling and interfacial dynamics began in the early 1960s [1]. In general, the
understanding of capillary forces became essential in order to monitor and control liquid
propulsion systems as well as satellite fuel storage.
Thermocapillary convection is characterized by mass transfer along an interface
between two immiscible fluids due to a surface tension gradient caused by a temperature
gradient. The orientation of the temperature gradient being primarily perpendicular or
parallel to the liquid free-surface classifies thermocapillary flow as either Marangoni or
thermocapillary convection, respectively [2]. The resulting mass flow along the interface is
due to the balancing of the jump in shear stress over the gas-liquid interface with the surface
tension gradient along the interface. Viscous forces then transport interfacial stresses to the
bulk fluid [3].
For most liquids, the surface tension is empirically found to be linearly dependent on
temperature [ = (T )]. For this work, the surface tension equation of state is represented
using Eötvös rule, named after the Hungarian physicist Loránd Eötvös’:
(T ) =

kE
(Tcrit
V 2/3

where kE is Eötvös’ constant of 2.1 ⇥ 10

7

T)

(1.1)

J/(K · mol2/3 ), V is the molar volume, and

Tcrit is the critical temperature at which surface tension equals zero [4].

2
Typically, the surface tension gradient is

=

d /dT > 0 for liquids, which results in

an interfacial flow between two immiscible fluids from hot to cold as shown in Figure 1.1
from Monti’s book on microgravity fluid dynamics [5]. Viscous forces then drag along the
fluid near the interface which ultimately results in a bulk fluid motion.

Figure 1.1.: Sketch of two-phase flow interface between immiscible fluids (From Ref. [5]
p. 82).

Numerous terrestrial devices utilize capillary forces. For example, electromagnetic
pumps used in radiators are often replaced with capillary flows in micro-pipes. While
pumps are susceptible to failure, heavy, and require power; capillary flow is a natural
and passive property to exploit. With spacecraft, the temperature difference required to
drive the thermocapillary flow occurs naturally due the minimal mass insulation and the
difference in exposure to solar radiation versus deep space [6]. Therefore, thermocapillary
flow can be utilized in space with naturally occurring conditions which eliminates the need
for additional power.
Current industrial applications of thermocapillary flow include containerless
processing, crystal growth, thin film rupturing in heat transfer devices, surface texturization
of magnetic storage devices, and the propagation of flames over liquid fuels [3].
Thermocapillary flow may also prove useful for the management of micron-sized droplets
in fluidic devices for the use of genetic analysis and chemical sensors [2]. Currently, a
myriad of space applications utilize open capillary channels as a means of liquid transport
and thermal control for waste waters, condensates and propellants [7, 8].

3

Figure 1.2.: Wall temperature contour of satellite fuel tank after 10 hr heating period (From
Ref. [9] p. 835).

It is important to analyze and understand thermocapillary not only as a useful passive
system, but thermocapillary flows exist even when not actively utilized. Temperature
differences naturally move propellant around fuel tank as indicated by Figure 1.2 which
shows the resulting temperature contour after a 10 hr heating period for a Lockheed Martin
geosynchronous-orbit commercial communications satellite [9]. Unpredicted flow due to
natural thermocapillary effects moves liquid mass across partially filled tanks, leading to
unknown dry spots and deep pools both of which can be dangerous to a systems health.

1.2

Thesis Objective

The primary research objective is the assessment of the design feasibility for a large
length-scale thermocapillary flow experiment to be flown on the ISS FIR. Feasibility
analysis was performed to determine measurability of data for the proposed experiment.
Surface Evolver, a command-line energy minimization program, was used to investigate
functional geometries for the experimental setup. As the focus of this research is to provide

4
an assessment of the practicality of a large length-scale thermocapillary flow experiment,
several simplifying assumptions are utilized throughout the work and are when pertinent.

1.3

Proposed Experimental Setup

The proposed experimental design consists of a 1 to 2.5 m long helical channel with
insulated sides and a heated end wall to impose a linear temperature gradient along
the length of the channel (x direction). Figure 1.3 shows a general two-dimensional
experiment setup with boundary conditions.

Figure 1.3.: Schematic of two-dimensional experiment setup.

Given various temperature differences between the hot and cold walls of the channel,
the induced thermocapillary flow along the gas-liquid interface was investigated.

1.4

Thesis Outline

This thesis is organized into seven chapters with two appendices.

Following the

introduction, Chapter 2 contains a literature review of previous theoretical and experimental
research relevant to thermocapillary flow. In Chapter 3, a general feasibility analysis
was performed in which the governing equations were solved to determine basic flow
characteristics at the center of the channel for the general experimental setup shown in
Figure 1.3. After determining the proposed large length-scale thermocapillary experiment
would produce measurable velocity data, an experiment design was conducted for the ISS

5
FIR which is discussed in Chapter 4. Given various temperature gradients, the channel
dry-out conditions and liquid interface shape for the designed experiment were tested
with Surface Evolver (SE). Chapter 5 outlines the results while Chapter 6 outlines final
conclusions as well as avenues for further exploration. For reference, two appendices are
provided. Appendix A lists a sample of the Surface Evolver code used in the Chapter 5
SE analysis while Appendix B discusses multiphase flow and the intended use of ANSYS
Fluent for additional verification of the proposed experimental design.

6

2. LITERATURE REVIEW
Although thermocapillary effects have been numerically researched, many properties
related to thermocapillary flow are not fully understood or validated due to experimental
restrictions. Under terrestrial conditions, fluid motion due to thermocapillary effects is
overshadowed by buoyancy effects, unless small systems or length-scales are used. Thus,
a need exists for extensive experimental thermocapillary flow research, in particular, for
experiments in the 1 to 3 m range. The design of a large length-scale thermocapillary
experiment for the ISS could validate current numerical tools. An experiment aboard
the ISS is ideal due to the clean, long-duration microgravity environment which allows
capillary forces to dominate fluid motion over buoyancy forces.
From the perspective of fluid physics, thermocapillary convection is a dissipative
process driven by surface tension and temperature gradients.

Variations in surface

tension along the free surface due to temperature gradients drive thermocapillary flow
[10]. Investigating how thermocapillary convection moves mass and energy on a large
length-scale (1 to 3 m) directly impacts the development of tanks and fuel depot plans. In
general, the use of thermal gauging has been shown to rebalance a multi-tank system within
a satellite thus extending the use of the satellite [9, 11]. The life of satellites could be
increased further with more knowledge pertaining to thermocapillary flow as an additional
means of propellant management.
Under terrestrial conditions, thermocapillary effects are generally overshadowed by
buoyancy driven effects. However, this is not the case and thermocapillary effects dominant
provided the use of small geometries or a microgravity environment. Given the geometric
restrictions as well as the fact that few liquids meet the necessary properties to perform
thermocapillary flow experiments, a large spectrum of parameters have yet to be studied
experimentally [12]. For clarity, the review of previous research is divided into two
sections. Section 2.1 discusses theoretical and experimental thermocapillary research,
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in general, while Section 2.2 outlines research primarily focused on the generation of
instabilities within thermocapillary flows.

2.1

General Theoretical & Experimental Research

The two primary theoretical studies used for experimental comparison were completed by
Cormack et al. and Sen & Davis in 1974 and 1982, respectively. Cormack et al. [13]
numerically studied natural convection in small aspect ratio channels with differentially
heated end walls. Given a closed system analysis, conservation of mass required the liquid
flow to recirculate near the end walls. Away from the end walls, the core of the flow
was found to be a uniform parallel flow. To numerically solve for streamlines, asymptotic
expansions were used to match core flow with the recirculating flow near the end walls.
The theoretical work of Sen & Davis [3] parallels that of Cormack’s research on
buoyancy driven convection, but with the addition of surface tension gradients and interface
deformation. The differential heating created a temperature gradient which induced a
surface tension gradient along the gas-liquid interface. A schematic of the theoretical setup
is shown in Figure 2.1.

Figure 2.1.: Schematic of two-dimensional Sen & Davis theoretical setup (From Ref. [3]
p. 164).
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The streamlines, temperature fields, and interfacial shapes were determine for two
separate types of interface wall boundary conditions: fixed contact line (Case I) and fixed
contact angle (Case II). The fixed contact line was defined as the line formed by the
intersection of the interface at the side wall. For Case II, the analysis scales a fixed contact
angle 90o by a factor of m in order to vary the prescribed contact angle. From Sen & Davis’
work, Figures 2.2, 2.3, and 2.4 show the resulting streamlines for both boundary condition
cases. The interface deformation, shown in Figure 2.1, was determined via the Capillary
number:
Ca =

µv⇤
o

where µ is the dynamic viscosity,

o

=

A( T )

(2.1)

o

the mean surface tension, and u⇤ =

A T /µ is

the characteristic velocity which balances the jump in shear stress along the interface with
the surface tension gradient. Also,

is the negative of the derivative of surface tension

with respect to temperature, and A is the aspect ratio of the channel. As surface tension
decreases with increasing capillary number, the gas-liquid interface distortion increases.

Figure 2.2.: Composite streamlines and interface shape (Case I, L = 1, nondimensional
scale, From Ref. [3] p. 178).

9

Figure 2.3.: Composite streamlines and interface shape (Case II, L = 1, m = 0,
nondimensional scale, From Ref. [3] p. 180).

Figure 2.4.: Composite streamlines and interface shape (Case II, L = 1, m = 1,
nondimensional scale, From Ref. [3] p. 180).
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Figure 2.5.: Interface deformation due to variations in capillary number (Case I , L = 1,
nondimensional scale). (From Ref. [3] p. 179)

The streamlines in Figures 2.2, 2.3, and 2.4 were driven by temperature induced surface
tension gradients along the gas-liquid interface. The heat transport between the liquid and
the gas was assumed to be equal in Figures 2.2–2.4. Thus, the Biot number was equal to
unity (Bi = 1):
Bi =

hg `
kl

(2.2)

where hg is the gas heat transfer coefficient, ` is the liquid depth, and kl is the liquid thermal
conductivity.
The interfacial flow moves from the hot wall towards the cold wall which results in a
lower pressure and constricted interfacial flow at the hot wall. Conversely, a higher pressure
at the cold wall forms a bulge in the interface. Due to axial pressure gradients induced by
the wall, the flow then turns and recirculates along the bottom of the channel. The interface
deformation is a result of balancing the normal pressure stresses with the surface tension
times the interface curvature [3]. Comparison to this theoretical analysis is used as one

11
means of validation for the proposed experimental design. Sen & Davis also considered
slots with two deformable interfaces, but is beyond the scope of this research.
Another theoretical study conducted in 2003 by Sun & Hu [14] investigated the
thermocapillary motion for two spherical bubbles under microgravity conditions. For
varied bubble diameters, low Marangoni and Reynolds numbers were considered where
the thermocapillary Reynolds number relates inertial to viscous forces:
Re =
where

T`
⇢⌫ 2

is the negative linear thermal coefficient of surface tension,

(2.3)
T is the temperature

difference, ` is the length scale or bubble diameter, ⇢ is the density, and ⌫ is the fluid
kinematic viscosity. The Marangoni number measures the relative importance between
thermal surface tension forces to viscous forces:
M a = P rRe =
where

T`
⇢⌫↵

is the negative linear thermal coefficient of surface tension,

(2.4)
T is the temperature

difference, ` is the length scale or bubble diameter, ⇢ is the density, ⌫ is the fluid kinematic
viscosity, and ↵ is the thermal diffusivity.
The analysis of two equal diameter bubbles determined that the migration of each
bubble along the temperature gradient was minimally impacted by the other bubble.
Conversely, the configuration of a large and small bubble showed that the thermal migration
of the smaller bubble was influenced by the larger bubble when the small bubble was within
an interaction region of the larger bubble where the interaction region was defined as one
diameter length of the smaller bubble around the smaller bubble [14].
Several small-scale thermocapillary experiments have been conducted such as the
research conducted in 2002 by Lee et al. [15] which examined the interaction between
thermocapillary flow and buoyancy effects using two high Prandtl number fluids: 2 cSt
and 5 cSt PDMS. The experiment was performed under terrestrial conditions in channels
of 6 cm (length) by 2 cm (width) by 1 cm (height) and 6 cm by 1.5 cm by 1 cm. PDMS
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was heated by a 0.06 cm diameter nichrome wire submerged just below the surface of the
fluid. It was concluded that thermocapillary forces pushed the main recirculated flow cell
upward in the channel. Also the general flow regime remained two-dimensional until a
critical temperature difference was met. Natural convection due to buoyancy effects caused
oscillatory behavior within the flow. Such oscillatory behavior was further investigated
in 2003 by Kamontani et al. with a 0.2 cm liquid bridge experiment which investigated
the effect of heat loss at the free surface on oscillatory thermocapillary flows of two high
Prandtl number fluids: 2 cSt and 5 cSt PDMS. It was found that loss of heat at the fluid
interface contributes to the occurrence of oscillations [16]. In 2008, the same experimental
setup was utilized to investigate the effect of the heating orientation on thermocapillary
flows in liquid bridges [17]. In general, the natural convection driven by buoyancy effects
influenced the air flow patterns and in turn impacted the surface heating. In a microgravity
environment, the pattern of air flow changed significantly due to the lack of natural
convection [16, 17]. Thus, the likelihood of oscillatory flow reduces due to the lack of
surface heating within the proposed experiment design.
In 2010, ZhiQiang & QiuSheng [18] examined the connection between thermocapillary
flow and evaporation for a thin film of 0.65 cSt and 5 cSt PDMS in a rectangular channel
by imposing small temperature gradients along the length of the channel measuring 4 cm
(width) by 8 cm (length). The interfacial temperature and average evaporation rate was
measured for various fluid heights and partial image velocimetry (PIV) was utilized to
visualize the flow fields seen for 0.2 cm deep layers of PDMS in Figures 2.6 and 2.7.
Correlating to an increase in

T , Figure 2.6 shows three major flow patterns: unicellular

flow, multicellular flow, and a disturbed flow. For the 5 cSt PDMS in Figure 2.7, the
unicellular flow pattern was independent of the increasing temperature difference [18]. On
average, the evaporation rate increased with increasing temperature differences and liquid
depths. It was found that the effect of evaporation smoothed the overall temperature profiles
for thermocapillary flow [18]. For the proposed experiment, a PDMS of 5 cSt or higher will
be utilized in order to mitigate the onset of instability within the thermocapillary flow.
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Figure 2.6.: Flow fields of 0.65 cSt PDMS (mm scale X:Z=1:2).
(a) T = 2 o C, (b) T = 6 o C, (c) T = 14 o C. (From Ref. [18], p. 237)

Figure 2.7.: Flow fields of 5 cSt PDMS (mm scale X:Z=1:2).
(a) T = 2 o C, (b) T = 6 o C, (c) T = 14 o C (From Ref. [18], p. 238)

In 2007, Savino et al.

investigated the effects of concentration and temperature

differences in heat pipes with the underlying goal of improving heat pipe transfer
capabilities from cold to hot sources. Surface tension measurements were taken for varied
solution concentrations and temperature differences of 50 and 90 degrees. In general,
it was shown that for a reverse Marangoni effect (where surface tension increases with
temperature due to the evaporation at the gas-liquid interface) lead to an increase in heat
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transfer. Experimental and theoretical analysis found optimal working concentrations and
temperature differences for improved heat pipe transfer performance [6].
In 2011, Rahimi et al. [19] simulated two-phase flow and heat transfer in helical pipes
using CFD and population balance modeling (PBM). The PBM modeled bubble sizes
and coalescence in a helical channel with a 2 cm inner diameter, a 30 cm coil diameter,
and a 6 cm pitch. An Eulerian-Eulerian model was implemented using a finite volume
technique with the SIMPLEC algorithm for pressure-velocity coupling. Given a terrestrial
environment, it was found that centrifugal forces were integral to the distribution of phases,
velocity, pressure, and temperature within the helical pipes. Thus, higher concentration of
liquid near the outer side of the pipe wall caused bubbles to be pushed towards the center
due to higher pressures at the outer wall. Numerous additional analyses were conducted
under terrestrial conditions by other researchers. For the scope of the current research,
reduced gravity implies a reduction in centrifugal forces which in turn minimizes the
secondary flows often created in a helical pipe. Such flow patterns are unlikely to be present
in a large length-scale thermocapillary experiment on the ISS.
Several additional experiments have been conducted to investigate capillary driven
flows such as the research conducted in 1996 by Weislogel [20] which investigated steady
capillary flow in partially coated straight tubes with diameters on the order of 0.1 cm and
1 cm in the laboratory and the 2.2 sec drop tower at the NASA Lewis Research Center,
respectively. The experiment was run with 0.65 cSt, 1 cSt, and 5 cSt Polydimethylsiloxane
(PDMS), also known as silicone oil. Forms of PDMS are typically distinguished by the
value of kinematic viscosity. To drive the flow, a section of each tube interior was coated
with FC-723 to vary the surface wettability. For a given setup, such that the static surface
contact angles are known, the order of magnitude of the flow velocity can be estimated.
In general, this test technique may be useful for further probing of dynamic wetting
mechanisms. It was also determined that the capillary flow velocity was strongly influenced
by tube surface cleanliness and roughness.
In 2006, Chen et al. [21] investigated capillary driven flow along rounded interior
corners in microgravity with isothermal conditions. The analysis captured the geometric
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influence of viscous resistance due to machining limitations and imperfections. The work
was continued by Ramé & Weislogel in 2009 [22] with a terrestrial and microgravity
investigation of steady and unsteady capillary flows in sharp corners. Figure 2.8 shows
the steady fluid interface for 5 cSt PDMS pumped into and out of the 7.3 cm test cell with a
half angle of 5o at a rate of Q0 = 0.0370 ml/s. The fluid in Figure 2.8 was driven from left

Figure 2.8.: Steady flow experiment images. (a) Terrestrial Conditions. (b) Microgravity
Conditions. Schematic of experiment test section on the right with test cell length of 7.3 cm.
(From Ref. [22])

to right by pressure gradients induced by surface tension and gravity. The effect of capillary
fluidics was observable in the change in interface height between terrestrial conditions
of Figure 2.8a and free-fall microgravity conditions of g < 10 2 go in Figure 2.8b [22].
Except near the walls, it was shown that the theoretical model accurately predicted the
experimental fluid interface [22]. Unsteady analysis was also performed, but is not relevant
to the scope of the current research.
In 2011, Weislogel et al. [23] continued investigating parallel capillary driven flows
in uniform and tapered geometries with at least one wetted interior edge.

Because

of the microgravity environment, the passive manipulation of interfacial fluid flows
was accomplished through variations in geometry and wetting conditions. This work
analytically solved for passive and weakly forced flows in which fluid was drained and
added using capillary flow along interior edges of a particular geometry. Given a small
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enough groove, spontaneous filling of the groove occurred which is an effective form of
truly passive capillary transport and fluid control.
In 2010, Rosendahl et al. [8] conducted an open capillary channel experiments aboard
the TEXUS-41 and TEXUS-42 rockets which provided approximately 6 min of 10 4 g0
microgravity.

Due to a general flow rate limitation referred to as a choking effect,

steady flow rates of the test fluids (HFE-7500 and FC-72) were observed in the open
1 cm (wide) by 2.5 cm (deep) capillary channel. The numerical approach was in good
agreement with empirical experimental data. The numerical results predicted the free
surface well assuming steady, incompressible, isothermal, one-dimensional, perfectly
wetting, Newtonian, laminar flow conditions. The channel length had less impact on the
choking of flow in caparison to the flow rate variations .
In 2012, Waghmare & Mitra [24] conducted a transient theoretical model of capillary
transport through rectangular microchannels. In order to ensure capillary flow, the analysis
assumed low Reynolds numbers. The time dependence of the fluid penetration depth
within the channel was determined. Transient velocity profiles were used to determine
the time dependence of capillary flow velocity profiles. Two fully developed, steady state
flow profiles were found. With the capillary flow analysis, the time dependance of the
velocity profile was found to be negligible except during initial liquid filling of the channel.
The transient effects influenced the flow longer for high density and viscous liquids. The
conclusions from this work initially impacted the reservoir and filling mechanisms of the
proposed experiment design. However, the experiment was later designed such that the
filling and draining from a reservoir was no longer necessary.
Canfield et al. [25] conducted capillary channel experiments in the microgravity
glovebox aboard the ISS in 2011. Three channel configurations of dimension 32.6 cm
(width) by 48 cm (depth) by 34.8 cm (height) were tested: liquid bridge, rectangular
channel, and a wedge channel. Using HFE-7500, stable and choked flow rates were
observed along with the ingestion of gas bubbles into the liquid. Additional experimental
results involving transient, oscillatory, and two phase flow are to be published at a later
date.
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2.2

Thermocapillary Instability Focused Research

Generally both thermocapillary and buoyancy effects are present in a given system, but
thermocapillary flow effects are negligible in comparison to those driven by buoyancy.
In small geometries and microgravity, thermocapillary effects dominate.

Thus far,

experimental thermocapillary instability research has revolved around simplified cases
for ease of theoretical comparison.

In general, two phase gas-liquid systems with

symmetric boundaries have been implemented experimentally. Just like the classification of
thermocapillary flows, instabilities are classified based on the direction of the temperature
gradient in relation to the two-phase interface. Marangoni convection instabilities occur
when the temperature gradient is predominately perpendicular to the interface. Conversely,
thermocapillary convection instabilities typically arise with temperature gradients parallel
to the interface. Given the design of the proposed experiment, only thermocapillary
convection instabilities within channels or slots are of interest and are discussed further.
For a more comprehensive discussion on thermocapillary instabilities the reader is referred
to the instability review conducted by Schatz & Neitzel [2].
Cellular flow patterns were originally observed in 1900 by French physicist Henri
Bénard.

Later, Rayleigh attributed the cause of these flow patterns with buoyancy

effects [2]. In 1958, Pearson [26] corrected this conclusion and connected the cellular
motion to surface tension forces using thin liquid layer experiments. Pearson concluded
that surface tension forces attributed to cellular flows in cases where buoyancy forces
would not allow instability formation. Two primary theoretical papers that motivated the
experimental research in thermocapillary-convection instability for the last thirty years
were written by Smith & Davis [27] in 1983 and Davis [28] in 1987. Smith & Davis
outlined thermocapillary convective instabilities particular to planar flows and predicted
flow transitions from steady flow to unicellular flow to oscillatory hydrothermal waves.
Several of the works outlined below observe and quantify these predicted flow patterns.
In 1987, Davis expanded the theoretical outline to include instabilities associated with
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Marangoni convection for planar, Newtonian liquid layers sandwiched between solid and
gaseous boundaries [28].
Due to the nature of thermocapillary flow, any temperature difference induces motion.
For sufficiently small temperature differences, flows are theoretically considered to be
one- or two-dimensional. Relevant instabilities occur at larger temperature differences for
which flow is generally three-dimensional and may be unsteady. Given a large enough
temperature gradient, thermocapillary convection instabilities become unstable and often
lead to cellular or oscillatory flow states [2].
In 1993, Daviaud & Vince [29] studied traveling waves using 0.65 cSt PDMS (P r =
8.4 at 25 o C) for up to 1 cm fluid depths in a 1 cm (length) by 20 cm (width) channel.
Beyond a critical temperature difference, the transition from thermocapillary dominated
flow to buoyancy driven flow was observed at a liquid depth of 0.28 cm. Below this depth,
lateral waves propagated through the flow. With liquid depths above 0.28 cm, stationary
rolls were observed. The change in flow characteristics occurred at the point which the
dynamic Bond number equals unity which indicates the transition from thermocapillary
dominated flow to buoyancy driven flow.
Using a similar experimental setup, but a different channel aspect ratio, Gillon &
Homsy [30] investigated the transition from two- to three-dimensional flow in 1996.
Imposed temperature differences in a 3.8 cm (length) by 1 cm (width) by 1 cm (depth)
channel using 0.65 cSt PDMS was used. Given this experimental setup, the minimum
transition from lateral waves to stationary rolls was observed at a liquid depth of 0.5 cm
for a temperature difference of 4 K. Velocity data was taken using PIV for a PDMS liquid
depth of 0.68 cm. The observed velocity profiles for Marangoni numbers below 1.1 ⇥ 105

were in good agreement with previous work and were determined to be two-dimensional.
The three-dimensional effects observed for higher Marangoni numbers originated near
the channel end walls and propagated inward [30]. The visualized flow compared well
to the computational work done in 1993 by Mundrane & Zebib [31] which calculated
the transition from two- to three-dimensional flow to occur at a Marangoni number of
1.95 ⇥ 105 .
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In 1992, Schwabe et al. [32] investigated thermocapillary instabilities within thin liquid
layers in a 4 cm (width) by 2 cm (length) copper channel for ethanol (P r = 17 at 293 K)
layers between 0.06 cm  d  0.36 cm deep. A single cell of flow was observed for

Marangoni numbers less than 6.2 ⇥ 103 given a liquid depth of 0.18 cm and a temperature

difference of approximately 4 K. While holding the liquid depth fixed, multi-cell flow was
observed for increased temperature differences. For d = 0.18 cm and

T = 4 K, transition

from steady to multi-cellular flow was observed at M a ' 6.2 ⇥ 102 which then transitioned
to time dependent flow at M a ' 3.4 ⇥ 104 for a

T = 22 K.

In 1992, Villers & Platten [33] compared numerical and experimental work to

investigate thermocapillary convection through acetone (P r ⇡ 4.24) with a 3 cm (length)
by 1 cm (width) channel. Velocity profiles within the channel were found using laser

Doppler velocimetry (LDV) for liquid depths ranging from 0.175 cm < d < 0.6 cm with
temperature differences ranging from 0.8 K <

T < 9 K. As the Rayliegh number and

Marangoni number increased, the flow pattern transitioned from a steady mono-cellular
flow to a steady multi-cellular flow to a time dependent flow. Saedeleer et al. [34] observed
similar instability transitions in 1996 with an experiment using decane (P r = 15) in a
channel with a 1 cm (width) and variable length. Again, LDV was utilized to measure the
velocity profiles through the channel for set channel lengths of 3, 5, and 7.4 cm and liquid
depths of 0.43 and 0.47 cm.
In 1998, the work of Riley & Neitzel [35] experimentally verified the transition from
steady, unicellular thermocapillary flow to an oscillatory, hydrothermal-wave state in thin
liquid layers predicted by Smith and Davis in 1983 [27]. Using 1 cSt PDMS in a 3 cm
(length) by 5 cm (width) channel, the observed flow patterns matched that of Villers &
Platten [33] and De Saedeleer et al. [34] for liquid depths greater than 0.12 cm . Benz et
al. [36] continued the work of Riley & Neitzel with an investigation of the suppression
of hydrothermal instabilities in thin liquid layers. An infrared camera was used to sense
surface temperature oscillations of the hydrothermal waves. Further downstream, a CO2
laser was used to create a heating trough to suppress the instability.
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These articles provided integral insight into the dynamics of thermocapillary flow. The
results were utilized as a spring board for the design of a large length-scale thermocapillary
flow experiment for the FIR on the ISS.
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3. FEASIBILITY ANALYSIS
The initial investigation into the plausibility such an experiment involved determining if
the proposed experiment would produce measurable data. The interfacial velocity at the
center of the channel was estimated by reducing and solving the Navier Stokes equations
as outlined in Section 3.1. The boundary conditions imposed were consistent with the work
of Schwabe et al. [32] and De Saedeleer et al. [34]. To check the accuracy of the feasibility
analysis, Section 3.2 compares predicted interfacial velocities with previous small-scale
experimental LDV results. Section 3.3 discusses general conclusions of the feasibility
analysis. For reference, Section 3.4 outlines relevant dimensionless parameters for ease
of comparison to previous research.

3.1

Reduction of Governing Equations

The general governing equations consisting of the continuity and momentum equations are
outlined as follows:
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Consistent with the work of Schwabe et al. [32] and De Saedeleer et al. [34], the channel
core flow was assumed to be steady (@/@t = 0), two-dimensional (@/@z = 0), and fully
developed (@u/@x = 0). For reference, Figure 3.1 depicts the resulting horizontal velocity
profile for the core flow within the channel.
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Figure 3.1.: Velocity profile sketch for the core flow of liquid within the channel.

Because of the microgravity environment, body forces were assumed to be negligible
(fx = fy = fz = 0). At the bottom of the channel, the governing equations were subject
to the no slip boundary condition (u = v = 0 at y = 0). With these assumptions, the z
momentum equation disappears completely and the governing equations reduced to:
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From Equation 3.5 and the no slip boundary condition at the y = 0, the y velocity reduced
to v = 0 which simplified the x

and y momentum equations to:
µ @ 2u
1 @P
=
2
⇢ @y
⇢ @x

(3.8)

1 @P
=0
⇢ @y

(3.9)
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The reduction of the y momentum equations showed their is no pressure gradient in the
y direction. Through integration, the x momentum equation was then used to solve for
the velocity profile of the core flow at the center of the channel.
@ 2u
1 @P
=
2
@y
µ @x
@u
1 @P
=
y + C1
@y
µ @x
1 @P 2
u(y) =
y + C1 y + C2
2µ @x

(3.10)
(3.11)
(3.12)

To solve for the integration constants the no slip boundary condition at y = 0 and interface
shear definition at y = H was applied. The evaluation of the no slip boundary condition at
the wall reduced the C2 integration constant to zero as follows:
u(0) = 0 =

1 @P 2
(0) + C1 (0) + C2
2µ @x

(3.13)
(3.14)

C2 = 0

The second integration constant was found by evaluating the shear at the gas-liquid
interface as follows:
⌧tc = ⌧x,y
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The form of the second boundary condition was found by rearranging Equation 3.17 as
follows:
@u
=
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1
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µ

(3.18)
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Using the above boundary condition (3.18), the velocity gradient in the y direction (3.11)
was evaluated at the liquid interface (y = H):
@u(H)
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1
⌧tc .
µ

(3.19)

Thus, the integration constant C1 reduced to:
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The core flow velocity profile (3.12) within the channel simplified to:
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A closed system was assumed given the closed channel. Thus, equal mass flow rate would
have to occur in the positive and negative x

direction to maintain a physical solution. In

other words, no mass may enter or leave the system and the following relation must hold:
Z

H

(3.22)

u(y)dy = 0.
0

The mass flow rate was evaluated by integrating the core flow velocity profile (3.12) over
the liquid depth, H:
Z

H
0

"

! #
1
@P
⌧tc +
H y dy = 0
µ
@x

1 @P 2
y
2µ @x
1 @P 3
y
6µ @x

⌧tc 2
y
2µ

1 @P 3
H
6µ @x

⌧tc 2
H
2µ

H2
2µ

H @P
3 @x
H @P
3 @x

@P H 2
y
@x 2µ

⌧tc

H

=0

(3.24)

0

@P H 2
H =0
@x 2µ
!
@P
H =0
@x

⌧tc

(3.23)

@P
H=0
@x

(3.25)
(3.26)
(3.27)

25
The evaluation of the mass flow rate (3.22) resulted in a relation between the x direction
pressure gradient and the thermocapillary shear stress. Equation 3.27 was then rearranged
and simplified as follows:
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Equation 3.29 was used to simplify the velocity profile equation (3.12) as follows:
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(3.30)

The magnitude of the pressure gradient as well as the velocity profile was solved once the
thermocapillary shear is determined. The thermocapillary shear was calculated using the
general definition:
⌧tc =
where
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(3.31)

is the surface tension and T is the temperature. The temperature gradient with

respect to the surface tension was evaluated using Eötvös Rule [4]; which is a relation
used to predict the surface tension of a pure liquid assuming a linear temperature relation.
Eötvös Rule is defined as:
V 2/3 = kE (Tc
where
10

7

T)

(3.32)

is surface tension, V is the molar volume, kE is Eötvös constant (2.1 ⇥

J/(K · mol( 2/3)), T is temperature, and Tc is the critical temperature at which

= 0.

Using the first derivative of Eötvös rule with respect to temperature, the thermocapillary
shear stress (⌧tc ) was evaluated:
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(3.33)
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Table 3.1 provides standard property values for water and 5 cSt PDMS; which was used
to calculate the resulting interfacial velocity, stresses, and pressure gradient for the given
system.
Table 3.1: Physical properties of water & 5 cSt PDMS
Liquid
Water
PDMS

T (K)
293
298

⇢ (g/cm3 )
0.998
0.913

V (cm3 /mol)
18.048
843.373

(mN/m)
72.7
19.7

Given a particular channel geometry and temperature difference, the thermocapillary force
at the fluid interface was evaluated using Equation 3.33. Then the pressure gradient was
calculated using Equation 3.29. The interfacial velocity between the gas and liquid was
approximated by evaluating the velocity profile at y = H.

3.2

Feasibility Analysis Accuracy

Using the method outlined throughout the feasibility analysis, Table 3.2 lists the calculated
interfacial velocities for previous small-scale thermocapillary experiments completed by
Villers & Platten [33] and De Saedeleer et al. [34] along with their respective LDV velocity
measurements for the experimental values of the channel length (L), liquid depth (H), and
temperature difference ( T ).
Table 3.2: Comparison to LDV results for decane and acetone from De Saedeleer et al. [34]
and Villers & Platten [33], respectively
Source
Feasability Analysis
De Saedeleer et al. [34]
Feasability Analysis
Villers & Platten [33]
Feasability Analysis
Villers & Platten [33]

Liquid

L
(cm)

H
(cm)

T
(K)

Decane

5

0.43

1.7
0.8

Acetone

3

0.25
1.2

Interfacial
Velocity (cm/s)
0.20
0.42
0.21
0.36
0.31
⇡ 0.6
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The predicted interfacial velocities from the feasibility analysis were in good agreement
with LDV results from De Saedeleer et al. and Villers & Platten. In all cases, the
interfacial velocities from the feasibility analysis were under-predicted in comparison to
the experimental results, which was unexpected given the two-dimensional nature of the
feasibility analysis in comparison to the additional degree of dissipative freedom available
in the experimental results. As the predicted interfacial velocities were within an order
of magnitude of experimental results, the analysis was considered accurate enough to
check the feasibility of obtaining measurable results for the proposed large length-scale
ISS experiment. Thus, the pressure gradient, shear stresses, and interfacial velocity were
calculated for the proposed experimental setup. Table 3.3 outlines these results for liquid
water and PDMS assuming a 1 and 2 m channel with a liquid depth H = 5 cm and a
temperature difference of 50 K.
Table 3.3: Resultant estimations for water & 5 cSt PDMS in channel with length L, depth
H = 5 cm, and T = 50 K
Liquid
Water
PDMS

3.3

L
(m)
1
2
1
2

@P/@x
(mN/m3 )
457.72
228.86
96.60
48.30

⌧wall
(mN/m2 )
38.14
19.07
8.05
4.03

⌧tc
(mN/m2 )
-15.26
-7.63
-3.22
-1.61

Interfacial
Velocity (cm/s)
21.4291
10.7145
0.8817
0.4409

Conclusions

Considering only the core flow of the channel, the Feasibility Analysis estimated the
interfacial velocities at the center of the channel. The estimated interfacial velocity for
5 cSt PDMS was 0.88 cm/s given a 1 m channel with a liquid depth of H = 5 cmand
temperature difference of

T = 50 K. As previous experimental work measured velocities

on the order of a tenth of a mm/s using LDV, the predicted interfacial velocities for the
proposed experiment using PDMS is measurable as it is on the order of millimeters per
second for

T = 50 K. As the Feasibility Analysis only estimates the interfacial velocity at
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the center of the channel, the actual experiment would exhibit a range of velocities along the
interface due to the changing surface tension induced by the temperature gradient along the
length of the channel. In conclusion, the proposed experiment would produce measurable
data given the order of magnitude of the predicted velocities.

3.4

Dimensionless Parameters

Dimensionless numbers are often used to assess the dynamic similarity of experiments
as well to determine the relative importance between physical parameters. For ease
of comparison to previous research, several nondimensional parameters relevant to the
proposed experiment are outlined below for 5 cSt PDMS and water.
experimental values of

The proposed

T = 50 K and H = 5 cm were used along with standard property

values at room temperature. Table 3.4, at the end of the section, lists the calculated values
for the discussed nondimensional parameter values.
The Prandtl number in Equation 3.34 is a ratio of the viscous diffusion rate to thermal
diffusion rate within a fluid.
Pr =

⌫
cp µ
=
↵
k

(3.34)

where ⌫ is the fluid kinematic viscosity, ↵ is the thermal diffusivity, cp is the specific heat,
µ is the dynamic viscosity, and k is the thermal conductivity.
The Biot number in Equation 3.35 is a measure of the heat transport between the gas
and liquid phases.
Bi =

hg `
kl

(3.35)

where hg is the heat transfer coefficient within the gas, ` is the length scale, and kl is the
thermal conductivity of the liquid. Note that the values in Table 3.4 were calculated using
a range of standard air heat transfer coefficients, hg = 5 to 25 W/(m2 K).
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The Capillary number in Equation 3.36 represents the ratio of viscous forces to the
surface tension along the interface. In two phase flow, the Capillary number determines the
degree of deformation of the free surface.
Ca =

µu⇤

=

A( T )

o

where µ is the dynamic viscosity,

o

(3.36)

o

the mean surface tension, and u⇤ = A T /µ is the

characteristic velocity which balances the jump in shear stress along the interface with the
surface tension gradient. Also,

is the negative of the derivative of surface tension with

respect to temperature, and A is the aspect ratio of the channel.
The Grashof number in Equation 3.37 represents relative importance of buoyancy
forces to viscous forces.
Gr =
where g is acceleration due to gravity,

g

T `3

(3.37)

⌫2

is the thermal expansion coefficient,

T is the

temperature difference, ` is the length scale, and ⌫ is the fluid kinematic viscosity. Because
of the microgravity environment of the experiment, the Gr ⇡ 0.

The thermocapillary Reynolds number in Equation 3.38 is relation between inertial and

viscous forces.
Re =
where

T`
⇢⌫ 2

(3.38)

is the negative linear thermal coefficient of surface tension,

T is the temperature

difference, ` is the length scale, ⇢ is the density, and ⌫ is the fluid kinematic viscosity.
Under terrestrial conditions, the dynamic Bond number in Equation 3.39 is used to
determine relative importance between gravitational forces to surface tension forces.
Bodyn =

Gr
⇢g `2
=
Re

where ⇢ is the density, g is acceleration due to gravity,
coefficient, ` is the length scale, and

(3.39)
is the thermal expansion

is the negative linear thermal coefficient of surface

tension. Because of the microgravity environment of the experiment, the Bodyn ⇡ 0.
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The Marangoni number in Equation 3.40 measures the relative importance between
thermal surface tension forces to viscous forces.
M a = P rRe =
where

T`
⇢⌫↵

(3.40)

is the negative linear thermal coefficient of surface tension,

T is the temperature

difference, ` is the length scale, ⇢ is the density, ⌫ is the fluid kinematic viscosity, and ↵ is
the thermal diffusivity.
The Weber number in Equation 3.41 is a measure of relative importance between
inertial forces and surface tension along an interface between two fluids.
We =
where q is the dynamic pressure,

q
1/2⇢v 2
=
/`
/`

(3.41)

is the surface tension, ` is the length scale, ⇢ is the

density, and v is the characteristic velocity.
Table 3.4 lists the resulting dimensionless parameter values for water and 5 cSt PDMS
given the rectangular channel configuration where ` = 5 cm,

T = 50 K, characteristic

velocity is the interfacial velocity value for a 1 m channel in Table 3.3 and liquid properties
from Table 3.1.
Table 3.4: Dimensionless parameter values for proposed experiment arrangement
Parameter
Pr
Bi
Ca
Re
Ma
Gr
Bodyn
We

Water
6.2159
0.4177-2.0886
0.2099
8810.4
5.9847⇥106
⇡0
⇡0
15.7596

5 cSt PDMS
70.231
2.1368-10.6838
0.1635
64.5477
4.954 ⇥107
⇡0
⇡0
0.0901
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4. EXPERIMENT DESIGN
The design for the proposed thermocapillary flow experiment was divided into four primary
sections. Section 4.1 overviews the design specifications for ISS FIR; which is part of the
Fluids Combustion Facility (FCF). The ISS Microgravity Science Glovebox (MSG) could
also be utilized as a means to interface with the ISS. However, the MSG provides a smaller
working volume of 90.6 by 63.7 by 38.5 cm [37]. Since the experiment was designed to
be a large length-scale channel, the remaining design analysis was conducted with the FIR
given the larger working volume outlined in Table 4.1. The design of the channel groove
and geometry is outlined in Section 4.2 while the specifications for the chosen liquid for
the experiment is discussed in Section 4.3.

4.1

International Space Station Fluids Integrated Rack Specifications

Developed by the NASA Glenn research center, the ISS FCF is a two rack lab unit designed
to facilitate the research of microgravity combustion and fluid dynamics. The use of these
facilities simplify the integration of payloads with the ISS resources such as power, thermal
control, and communication [38]. Figure 4.1 shows a front view of the FIR optics bench
while Table 4.1 provides general specifications of available equipment.
The FIR consists a standard 110 cm by 60 cm optics bench as well as several integrated
packages. The FIR optics bench provides the mounting system for payload use as well
as the available diagnostic equipment. While the front of the optics bench is typically
utilized by payload equipment, the optics bench has the ability to rotate 90 degrees; which
provides access to a rear optics bench for the mounting of additional diagnostic and avionics
packages.
Several diagnostic and avionics packages are available for implementation with the
FIR. The Fluid Science Avionics Package (FSAP) is typically used for data acquisition
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Figure 4.1.: Fluids Integrated Rack (From Ref. [38] p. 5).

Table 4.1: FIR specification overview
Volume
Payload Weight
Power
Thermal Cooling
Optic Bench Lighting
Analog Color Camera
Two Digital Black & White Camera
Data Storage
Data Acquisition

439 L (110 cm x 60 cm x 66 cm)
125 kg
Nominal 672 W/1600 W max at 28 Vdc
1450 W at 120 Vdc
3 kW water (MTL)
1300 W air (193 303 K)
150 mW
640 x 480 pixels
30 fps
9.2 MB data per second
1024 x 1024 pixels
30 fps
540 GB
16 Digital Input Channels
16 Digital Output Channels
8 DAC Channels (16-bits each)

and control. The FSAP is integrated with payloads through the use of one of sixteen digital
input or output channels, while payload data is stored on one of two 18 GB hard drives [38].
One analog 640 ⇥ 480 pixel color camera is provided for payload use. The color camera
operates at 30 fps and stores data in the FSAP. The FIR provides two Image Processing and
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Storage Units (IPSU), which interface with analog and digital cameras for data storage. The
IPSU supports the processing of gray scale or color images at a rate of 30 fps for 128 ⇥ 128
or 1024 ⇥ 1024 images [38].

To minimize transmission of vibrations from the ISS, the FIR utilizes the Active Rack

Isolation System (ARIS) package. Three accelerometers are used to measure micro-gravity
accelerations for which ARIS applies reactive forces to isolate the FIR and minimize
changes in microgravity [38].

4.2

Channel Design

To resemble previous small-scale thermocapillary flow experiments, the initial channel
groove design was rectangular as shown in Figure 4.2. For simplicity of comparison
to previous research and due to conduction properties, the channel was designed out of
aluminum. To contain the liquid, an acrylic cap was designed to cover the aluminum
channel while mineral wool was used for insulation.
To minimize the possibility of liquid leaving the channel groove, the acrylic cap was
designed with a 7% larger diameter in comparison to the channel groove. Also, applying a
coating to the acrylic cap could increase wetting and further enhance the control of liquid
location within the channel.
To measure the liquid temperature, thermocouples were placed throughout the channel.
Several commercial off-the-shelf (COTS) thermocouple designs would work for this
experiment. A 1/16” penetration/immersion COTS thermocouple is suggested in order
to minimize disturbance of the liquid flow. Such a thermocouple has a probe length
of 2”, operates from 75
as McMaster-Carr.

590 K, and is readily available from many companies, such

The utilization of ten to twenty probes would provide adequate

temperature data for a 1 to 2 m channel. Alternate channel grooves for the experiment
were designed to investigate viscous drag effects on the bulk liquid. Figures 4.3 and 4.4
show the alternate V-groove and bucket groove, respectively.
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Figure 4.2.: Rectangular groove design.

To fit the experiment within the 60 cm size constraint of the FIR, the channel is bent
into a helix. Figure 4.5 shows the helical channel for a rectangular groove while Table 4.2
lists the resulting helix height and number of turns required for different large length-scale
channel considerations. The helical outer diameter (OD) was maximized for ease of LDV
measurement setup. Given a fixed OD, the inner diameter (ID) was determined given the
channel groove designs in Figures 4.2–4.4.

Figure 4.3.: V-Channel design.

Figure 4.4.: Bucket channel design.
35
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Figure 4.5.: Helical channel orientation.

The helical geometry allows a large length-scale experiment to fit in a seemingly small
space. Also, the orientation of the channel groove being towards the center of the helix
permits an easy experimental reset by centrifuging the liquid towards the bottom of the
groove. This mechanism negates the need of a liquid reservoir to fill and drain the channel
which simplifies the experimental setup without sacrificing the thermocapillary research
goals.
Table 4.2: Sizing of helical geometry for various channel lengths
Channel
Length (m)
1
1.5
2
2.5

Number
of Turns
0.72
1.09
1.45
1.80

Height of
Helix (cm)
34.30
40.45
46.60
52.75

Channel
ID (cm)

Channel
OD (cm)

22

50
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Table 4.3 outlines the estimated volumes and masses for COTS acrylic, aluminum, and
mineral wool insulation assuming 1 and 2 m channel lengths.
Table 4.3: Channel material volume & mass estimates for designed channel grooves
Groove
Type

Channel
Length (m)
1

Rectangle
2
1
Triangle
2
1
Bucket
2
All

1
2

Material
Aluminum
Insulation
Aluminum
Insulation
Aluminum
Insulation
Aluminum
Insulation
Aluminum
Insulation
Aluminum
Insulation
Acrylic

Volume
(cm3 )
2000
4000
2975
6225
5950
12450
1789.9
4625
3579.9
9250
3523.5
7047.0

Up-Mass
(kg)
5.4
0.26
10.8
0.51
8.03
0.78
16.07
1.59
4.83
0.59
9.67
1.18
4.19
8.39

Theoretical and experimental research regarding on the effects of helical channels on
fluid dynamics has been well researched due to the numerous applications such as heat
exchangers, chemical plants and the process industry in general [19, 39]. In general, it has
been shown that secondary, recirculating flows within helical pipes form due to centrifugal
forces [40, 41, 42]. Due to the lack of gravity and the small orders of magnitude of the
thermocapillary forces, the occurrence of such a recirculating flow is unlikely. Additional
computational verification of this conclusion is discussed in Chapter 6.2.
To drive the thermocapillary flow, A COTS heating tape is applied at the ends of the
channel to produce the linear temperature gradient along the length of the channel. Various
silicone rubber heaters are available from companies such as Hi-Heat Industries, Inc. For
reference, Table 4.4 shows the electrical specifications for a 7.6 cm (width) by 61 cm
(length) heating tape from Hi-Heat [43]. To increase the rate of the linear temperature
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profile development through the liquid, a custom designed linearly tapered heater placed
along the bottom of the channel may be a useful experimental design modification.
Table 4.4: Heating tape electrical specifications
Width
Length
Power Density
Total Watts
Temperature Range

4.3

7.6 cm
61 cm
0.9 W/cm2
432 W
283 491 K

Liquid Analysis

Due to the frequent use in previous thermocapillary experiments as well as safety
reasons, 5 cSt PDMS is the suggested liquid for the proposed experiment for numerous
advantageous properties. PDMS compounds are available in a range of Prandtl numbers
(50 . P r . 1000) and have low surface tension and low evaporation rates [2]. They are
also less susceptible to contamination and surfactants which can alter the liquid properties
such as surface tension. In general, PDMS compounds exhibit low viscosity changes with
temperature. In particular, 5 cSt PDMS at 300 K is the lowest viscosity PDMS which will
not evaporate in an open system and has high resistance to oxidation. As is ideal for optical
access, PDMS is clear which allows for visualization of the interior of flows. For safety
reasons, PDMS is advantageous as it is non-flammable, odorless, and tasteless [44].
A broader experimental analysis could be done using an alternate liquid or simply
testing a different viscosity PDMS, such as 10 cSt. The standard properties for 5 cSt and
10 cSt PDMS are listed in Table 4.5 where ⌫ is kinematic viscosity, µ is dynamic viscosity,
⇢ is density, and

is surface tension.

For the rectangular groove design discussed in Section 4.2, Table 4.6 lists the maximum
up-mass and volumes for 5 cSt and 10 cSt PDMS given completely filled grooves. For a
2 m rectangular groove channel, the combined mass of the liquid, aluminum, acrylic and
mineral wool comprise approximately 20% of the 125 kg up-mass limit for the FIR.
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Table 4.5: Physical properties of 5 cSt & 10 cSt PDMS
⌫
(cSt)
5
10

µ
(g/cm · s)
0.0456
0.0935

⇢
(g/cm3 )
0.913
0.935

(dyn/cm)
19.7
20.1

Table 4.6: PDMS volume & mass estimates for designed channel grooves
Groove
Type

Channel
Length (m)
1

Rectangle
2
1
Triangle
2
1
Bucket
2

PDMS
(cSt)
5
10
5
10
5
10
5
10
5
10
5
10

Volume
(cm3 )

Volume
(gal)

4000

1.06

8000

2.11

2000

0.53

4000

1.06

3375

0.89

6750

1.78

Up-Mass
(kg)
3.43
3.72
6.87
7.44
1.72
1.86
3.43
3.72
2.90
3.14
5.80
6.28

Given that one likely application of large length-scale thermocapillary flow is the
control and management of propellant, Table 4.7 lists the physical properties for several
propellants as well as 5 cSt and 10 cSt PDMS for comparison. The physical properties
listed are kinematic viscosity (⌫), dynamic viscosity (µ), and density (⇢).
Due to the propellants being lower in viscosity in comparison to PDMS, the resulting
thermocapillary flows of propellants would likely be higher in velocity as shown in the
Feasibility Analysis calculations for water in Section 3.1. The resulting thermocapillary
interfacial velocities for the propellants listed in Table 4.7 would also strongly depend on
the liquid surface tension properties which were not available.
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Table 4.7: Physical property comparison between PDMS and typical propellants
Liquid
5 cSt PDMS
10 cSt PDMS
Hydrazine at 293 K
Liquid Oxygen at 90 K
Liquid Hydrogen 20 K
Mono-Methyl Hydrazine 293 K
Liquid Methane 111.5 K

⌫
m2 /s)
5
10
0.96
0.167
0.183
0.978
0.2603

(10

6

µ
(g/m · s)
4.56
9.35
0.97
0.19
0.013
0.855
0.110

⇢
(kg/m3 )
913
935
1008.5
1140
70.9
874
422.62

Reference
[44]

[45]
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5. SURFACE EVOLVER ANALYSIS
In order to verify static interface configurations, Surface Evolver (SE) program was run
over a range of temperature gradients for the rectangular groove design presented in Section
4.2. This analysis was used to check that the liquid in the channel fills the bottom of the
entire channel such that dry spots do not occur. If dry spots were to form, the recirculating
thermocapillary flow described in Chapter 3 along with the linear temperature gradient
along the channel would be affected. Section 5.1 provides background information about
the SE program while Section 5.2 discusses the channel wetting analysis done with SE.

5.1

Surface Evolver Background

Developed in the 1990s, SE is a free command-line program created by Professor
Kenneth Brakke from Susquehanna University under the funding of the National Science
Foundation, the Department of Energy, Minnesota Technology, Inc., and the University of
Minnesota [46]. SE is a static energy minimization program for which the user defines an
initial text file containing surface definitions and system constraints. Meshed with triangles,
the defined fluid surface is bounded by volume constraints and boundary conditions. While
running SE, the user can continually monitor and modify the mesh to keep the triangles
evenly sized which helps solution convergence. Using the gradient decent method, SE
modifies the surface towards a minimum energy solution. Energy can include contributions
from various sources such as surface tension energy, gravitational potential energy, gap
energy, compressibility energy, and user defined surface energies [46].
SE provides graphical outputs as well as data files.

The interactive, graphical

interface provides a visual representation of current surface configurations and any defined
boundaries. The output textfile lists information such as current parameter settings, total
energy, total time run, tolerance settings, constraint definitions as well as the number and
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location of vertices, edges, and facets [46]. Researchers from a wide range of disciplines
utilize SE; which attests to the versatility of the program.

5.2

Surface Evolver Gas-Liquid Interface Analysis

In order to check for the formation of dry spots along the bottom of the channel, SE was
used to calculate that static, minimum energy solution for the gas-liquid interface given
a rectangular channel. To do this, an initial data file defined the channel dimensions, the
constraints on the liquid, and the initial vertex edge and face definitions for the liquid. See
Appendix A for a sample SE file. All SE calculations were defined with liquid values from
5 cSt PDMS and a constant 30 degrees contact angle at the end walls. Each run of SE was
initialized with liquid filling half the channel and a negative temperature gradient along the
length of the channel. Thus the left and right wall are defined as the hot and cold wall,
receptively.
Given a 1 m channel with the 8 by 5 cm rectangular groove outlined in Section 4.2,
Figures 5.1 and 5.2 show the SE graphical output for the minimum energy solution
assuming a temperature difference of

T = 2 K and

T = 4 K, respectively. As only

the gas-liquid interface is defined in SE, the gray surface represents the gas-liquid interface
where the space below the red surface is 5 cSt PDMS. For reference, the black lines outline
the channel boundaries. Table 5.1 lists whether or not the channel drys out for channel
lengths of 0.5, 1, and 2 m given the rectangular groove cross-section of 8 cm (width) by
5 cm (height).

Figure 5.1.: SE interface solution for 100 ⇥ 8 ⇥ 5 cm channel with

T = 2 K.

Figure 5.1 shows the typical changes in the gas-liquid interface when buoyancy forces
become secondary to thermocapillary forces. Because of the microgravity environment,
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the liquid climbs the side walls along the length of the channel due to the adhesive forces
of capillary fluidics. Also, note that the liquid height at the hotter wall is visibly lower in
comparison to the liquid height at the cold wall due to the thermocapillary effect.

Figure 5.2.: SE interface solution for 100 ⇥ 8 ⇥ 5 cm channel with

T = 4 K.

Table 5.1: Surface Evolver channel dry-out conditions for rectangular groove (8 cm by
5 cm)
Channel
Length (m)
0.5
1
2

T
(K)
25
4
25
4
2
25
2

Temperature
Gradient (K/m)
50
8
25
4
2
12.5
1

Does Channel
Dry Out?
Yes
No
Yes
Yes
No
Yes
No

The channel wettability results from Table 5.1 results show that the current rectangular
groove design does not dry out for small temperature differences of
length-scales of 1 to 2 m. However a 2 K increase in

T = 2 K for large

T drives the PDMS at the hot wall

to the bottom of the channel as shown in Figure 5.2. Once the liquid interface touches the
bottom of the channel, the channel has formed a dry spot. In the case of the rectangular
groove, the channel remains wetted for a temperature difference increased to

T = 4 K if

the channel length is reduced to a half meter. Without sacrificing the large length-scale of
the channel, a bigger groove cross-section must be utilized to achieve thermocapillary flow
for higher temperature differences without drying out portions of the channel. To inform
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Figure 5.3.: SE interface solution for 100 ⇥ 10 ⇥ 10 cm channel with
image: angled view. Lower image: side view.

T = 10 K. Upper

the design of a larger channel groove design, SE was run for square cross-section channels.
Table 5.2 outlines channel wettability results for square groove cross-sections of 1, 8, and
10 cm.
Figure 5.3 shows the highest temperature gradient SE solution for which the channel
remained wetted. For ease of visibility, the lower image of Figure 5.3 shows the side view
of the same interface solution assuming a channel of 1 m in length and a 10 cm square
cross-section.
Table 5.2: Surface Evolver channel dry-out conditions for square groove (L = W ).
Channel
Length (m)

1

Groove
Width (cm)
1
8
10

2

10

T
(K)
25
25
4
25
10
25

Temperature
Gradient (K/m)
25
25
4
25
10
25

Does Channel
Dry Out?
Yes
Yes
No
Yes
No
Yes

Given the SE results from Tables 5.1 and 5.2, the design of a 10 cm square groove for
a 2 m channel is impractical due to the 60 cm size limitations of the FIR optics bench. To
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check the velocity measurability of larger channel groove designs, the feasibility analysis
from Chapter 3 was recomputed for 5 cSt PDMS for varied channel lengths (L), liquid
depths (H), and temperature differences ( T ). The results are presented in Table 5.3.
Table 5.3: Resultant estimations for 5 cSt PDMS in channel with length L, depth H, and
T
Channel
Length (m)
0.5
1
2
1

H
(cm)
2.5
4
5

T
(K)
4
2
2
4
10

@P/@x
(N/m3 )
30.91
7.73
3.86
9.66
19.32

⌧wall
(mN/m2 )
1.28
0.32
0.16
0.64
1.61

⌧tc
(mN/m2 )
-0.52
-0.13
-0.06
-0.26
-0.64

Interface Velocity
(cm/s)
0.0705
0.0176
0.0088
0.0564
0.1763

As resulting interfacial velocities are of the order O(mm/s), the calculated

experimental velocities should be measurable. In conclusion, the groove cross-section
will need to be larger than the current rectangular design in order to maintain the large
length-scale of the experiment and still test greater temperature differences.
The use of a static, minimum energy solver such as Surface Evolver as means of
evaluating the interface of thermocapillary flow may seem unrealistic given the inherent
dynamics of the system. However, evaluation of the Weber number weights the relative
importance between inertial forces and surface tension along an interface between two
fluids. The Weber number can also be evaluated as a ratio of the dynamic pressure to
interfacial pressure, as shown below.
q
/`
1/2⇢v 2
=
/`
1/2(913 kg/m3 )(0.001763 m/s)2
=
0.0197 N/0.05 m
0.0014188
=
0.394

We =

= 0.0036

(5.1)
(5.2)
(5.3)
(5.4)
(5.5)
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where q is the dynamic pressure,

is the surface tension, ` is the length scale, ⇢ is the

density, and v is the characteristic velocity. Similar to the evaluation of the Weber number
in Section 3.4, the Weber number above is evaluated using the liquid properties of 5 cSt
PDMS, a characteristic length of ` = 5 cm, temperature difference
corresponding interfacial velocity from Table 5.3.

T = 10 K, and the
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6. CONCLUSIONS AND FUTURE WORK
6.1

Conclusions

This research showed a large length-scale thermocapillary flow experiment produces
measurable data while meeting the design restrictions of the ISS FIR. The steady, core
flow of the liquid was analyzed in Chapter 3 to show that thermocapillary forces would
produce measurable interfacial velocities. The calculated interfacial velocities for 5 cSt
PDMS given a 50 K temperature difference and a 5 cm liquid depth were 1.29 cm/s and
0.65 cm/s for a 1 and 2 m channel, respectively. The design requirements for the ISS FIR
were outlined in Section 4.2 along with the design specifications of the channel groove and
helical geometry. Finally, the SE results verified that a large length-scale thermocapillary
flow experiment can be designed such that dry spots do not form along the length of the
channel.
In order to test larger temperature differences without sacrificing the large length-scale
of 1 to 2 m of the experiment, the SE results showed that the channel groove design would
have to be modified. The required increase in the channel groove cross-section would
directly affect the channel sizing and number of helical turns evaluated in Table 4.2. The
alternate channel groove cross-sections tested in SE were reevaluated with the feasibility
analysis from Chapter 3 and were found to still produce measurable velocities on the order
of millimeters per second.
The data from a large length-scale thermocapillary experiment would begin to uncover
the flow physics and properties behind thermocapillary convection on a large length-scale.
Implementation of this experimental design will deliver some of the first steps towards
filling what can only be described as a void of data for length-scales on the order of 1 to
2 m. Thus far, small length-scale thermocapillary research has been driven by validation
of theoretical works such as Sen & Davis [3] and Davis [28]. Therefore, there is a
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lack of technology driven research into thermocapillary flow for functional geometries on
any scale. In general, the results from implementing the proposed experimental design
on the ISS FIR would have a broad impact on heat and mass transfer within satellites
and other spacecraft.

More specifically, increased understanding of thermocapillary

convection provides an increased understanding of the manipulation, storage, and gauging
of propellant as well as thermal management. Thermocapillary convection is an efficient,
passive, low cost, low weight, and extremely durable process. With such exceptional
possibilities, thermocapillary properties are waiting to be understood and consequently
revolutionize modern spaceflight.

6.2

Future Work

As with any research, additional avenues remain unexplored. Firstly, a wider array of
square and rectangular channel groove cross-sections should be tested with SE to better
inform the redesign of the channel groove. Those results will directly impact the resizing
of the helical channel geometry to remain within design restrictions of the FIR. SE could
also be utilized to test the channel wetting for the bucket and “V”-groove cross-sections.
Although the effects are likely to be small, SE could also evaluate the changes of the
gas-liquid interface given the helical channel geometry rather than the straight channel
analyzed in this work. Finally, several bugs need to be worked out of the two-phase CFD
research done in ANSYS Fluent shown in Appendix B.
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A. Surface Evolver Code
// Thermocapillary dryout in rectangular channel.
// Originally coded by Dr. Steven H. Collicott in 2005
// Code adapted by Samantha J. Alberts in 2014
PARAMETER Cang = 30
PARAMETER gradT = 0
PARAMETER Bond = 0
#define ht 10
#define wd 8
#define len 100
constraint 1 // -x wall
formula: x = 0
energy:
e1: 0
e2: cos(Cang*PI/180)*z*(1-gradT*y)
e3: 0
constraint 2 // +x wall
formula: x = wd
energy:
e1: 0
e2: -cos(Cang*PI/180)*z*(1-gradT*y)
e3: 0
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constraint 3 // -y end
formula: y = 0
constraint 4 // +y end
formula: y = len
constraint 5 // -z floor
formula: z = 0
constraint 6 nonnegative // within x
formula: x*(wd-x) = 0
constraint 7 nonnegative // within y
formula: y*(len-y) = 0
constraint 8 nonnegative // within z on walls
formula: z*(ht-z) = 0
constraint 9 nonnegative // above floor
formula: z = 0
quantity tc energy method facet scalar integral
scalar integrand: 1-gradT*y
vertex
1 0 0 ht fixed // outline
2 0 0 0 fixed // outline
3 wd 0 0 fixed // outline
4 wd 0 ht fixed // outline
5 0 len ht fixed // outline
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6 0 len 0 fixed // outline
7 wd len 0 fixed // outline
8 wd len ht fixed // outline
9 0 0 ht constraint 1 3 8
10 wd 0 ht constraint 2 3 8
11 wd len ht constraint 2 4 8
12 0 len ht constraint 1 4 8
edge 1 1 2 fixed bare color blue no refine // outline
2 2 3 fixed bare color blue no refine // outline
3 3 4 fixed bare color blue no refine // outline
4 5 6 fixed bare color blue no refine // outline
5 6 7 fixed bare color blue no refine // outline
6 7 8 fixed bare color blue no refine // outline
7 1 5 fixed bare color blue no refine // outline
8 2 6 fixed bare color blue no refine // outline
9 3 7 fixed bare color blue no refine // outline
10 4 8 fixed bare color blue no refine // outline
11 9 10 constraint 3 6 9
12 10 11 constraint 2 7 8
13 11 12 constraint 4 6 9
14 12 9 constraint 1 7 8
face
1 11 12 13 14 tc density 0 constraint 6 7 9
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body
1 1 density 1 volume (ht*wd*len*0.75)
read
vug := V 3; u 3; g33;
lh := histogram(edge where not fixed, length)
ah := histogram(face, area)
r1 := refine edge where not fixed and length > 1
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B. Multiphase Flow and Fluent Results
Appendix B consists of general information pertaining to multiphase flow and CFD as well
as intended analysis results from ANSYS Fluent. These chapters were removed from the
thesis as insufficient results were obtained. As the information remains relevant to the
research topic, the chapters have been added here for reference. Section B.1 discusses
general multiphase flow theory while Section B.2 outlines typical computational models
used for multiphase flow. Finally, Section B.3 discuses the use of ANSYS Fluent to capture
the fluid dynamics of thermocapillary flow.

B.1

Multiphase Flow Theory
In fluid dynamics, multiphase flows consist of any system comprised of two or more

distinct phases flowing simultaneously in a stream where phase refers to a gas, liquid, or
solid state of matter. Multiphase flows occur naturally everywhere from blood in the human
body to liquid propellant rockets. Between 1950 and 1960 research in the nuclear sector as
well as the aerospace industry prompted more studies in two-phase flow, the simplest form
of multiphase flow [47]. Two-phase flows are classified based on the state of each phase
such as gas-solid, gas-liquid, or liquid-solid flows.
Gas-solid flows, also referred to as gas-droplet flows, consists of solid particles or
droplets flowing in a gas phase. The density of the particles classifies the flow as either
dilute or dense. If the particle number density is high, then the flow is dominated by
particle collisions. Alternatively if the particle number density is low, then the flow is a
dilute gas-particle flow which is dominated by the surface and body forces acting on the
particles [48]. In the case of a very dilute gas-particle flow, the particles minimaly alter the
flow in which case they act more like tracers through the flow. Gas-solid flows are present
in many industrial applications.
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Liquid-solid flows, also referred to as liquid-particle or slurry flows, consist of solid
particles within a liquid flow. As the density ratio between phases is significantly lower than
that of the gas-solid flows, liquid-solid flows are largely influenced by pressure gradients.
Liquid-solid are also present in many industrial applications such as coal distributors [48].
Gas-liquid flows are the most common form of multiphase flow can be divided visually
based on flow patterns: dispersed flows, mixed or transitional flows, and separated flows.
The flow pattern defines the general distribution properties of each phase which inherently
influences the flow physics such as the velocity. Dispersed flows consist of one discrete
phase dispersed within a continuous phase such as gas bubbles in a liquid or liquid droplets
in a gas. At the other extreme, separated flow or free surface flow consists of a stratified
flow where there is a clear interface between phases. The term “free” arises from the large
difference in densities between phases. The low density of gasses allows its inertia to be
neglected in comparison to the inertia of the liquid phase. Other than the pressure of the
gas phase on liquid, the liquid may move freely at the interface. Such a free and moving
boundary for separated flow increases of complexity of modeling the flow physics within
the system [48].
The flow regimes between separated and dispersed flows are some combination of
separated and dispersed flows and are referred to as transitional or mixed flows [48]. Figure
B.1 outlines various flow configurations possible for two-phase gas-liquid flows.
It is important to note that the classification and definition of flow regimes is broad and
can vary widely due to the complex nature of gas-liquid two-phase flow. Factors governing
the interfacial flow regimes include surface tension, wetting, coalescence, dispersion, body
forces and heat flux effects [47]. In general, the growth of instabilities in one regime can
cause transitions into other regimes. The flow physics behind these transitions are complex
and often unpredictable which further complicates the modeling of multiphase flows.
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Figure B.1.: Classification of gas-liquid flows (From Ref. [48] p. 2).

B.2

Multiphase Flow Modeling

CFD has quickly become an integral part of the engineering design process. Several models
have been developed to predict the physics of multiphase flows. The numerical modeling
of multiphase flow is inherently complex due to the nature of the system. The system is
only further complicated with time and storage limitations computationally. Thus, various
models are necessary to handle different levels of refinement or accuracy pertinent to
different multiphase flow regimes. Several methods for modeling a flow are outlined in
Sections B.2.1–B.2.3.

B.2.1

Euler-Lagrange Method

The Euler-Lagrange approach is utilized for dispersed flows as it tracks individual particles
in one phase through the continuum of a phase. This method solves time-average Navier
Stokes equations and assumes the dispersed phase consists of a small volume fraction of the
flow. Each particle is tracked solving the equations of motion while the continuous phase
is used to satisfy the conservation equations. The type of flow will influence the forces
acting on the dispersed phase which in turn affects the forces included in the equation
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of motion. Source terms in the equation of motion are utilized to couple the dispersed
phase and the continuous phase. As particles are tracked on an individual basis, this model
is computational expensive in comparison to later models. This expense can be negated
slightly by tracking bundles of particles in lieu of individual particles. The model is best
utilized in dispersed flows where the particle phase has a low volume fraction in comparison
to the continuous phase [49].

B.2.2

Euler-Euler Method

Contrary to the Euler-Lagrange approach, the Euler-Euler method treats each phase as
continuous which is useful for separated flows or dense dispersed flows when only the
general motion of particles is of concern rather than the tracking of each particle. For
dispersed flows, the equations for the disperser phase are averaged over the cell to obtain
a mean value. The Euler-Euler model solves the conservation equations and transport
equations separately for each phase. The phases are then coupled through a interphase
exchange coefficients and pressure fields. Each phase can move at different velocities
through the use of slip velocities which requires additional modeling in the numerical
method [49].

B.2.3

Volume of Fluid Method

As in the Euler-Euler method, the volume of fluid (VOF) approach treats all phases as
continuous, but the VOF model requires the addition constraint of each phase being immiscible. Thus, VOF method is often used for stratified or free surface flows. The VOF
method tracks the interface with an indicator or color function which assigns each control
volume with a value between one and zero depending on the volume fraction of the fluid
within the control volume. The interface is tracked using an advection equation for the
indicator function [49].
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B.3

Computational Fluid Dynamics

Although CFD has been a fluid dynamics research tool for single phase flow for 25 years,
multiphase CFD has only recently become more established with the development of
computer resources. Since only basic or simplified problems can be solved analytically
with the Navier-Stokes equations, most flows must be approximated numerically with
computers. Several possible discritization methods are outlined in Sections B.3.1–B.3.2

B.3.1

The Finite Volume Method

The finite volume method (FVM) is a commonly implemented discritzation scheme for
CFD as it has lower memory usage and higher solution speed for large systems of equations.
The FVM discritized the problem domain into control volumes for which conservation
equations are applied. Thus, conservation is maintained locally in each control volume as
well as globally for the whole domain. FVM also decreases computational time by utilizing
unstructured grids.

B.3.2

Coupled and Segregated Solvers

When discritized, the pressure and velocity terms in the Navier-Stokes equations are
strongly coupled which means the momentum equation and continuity equation are
interdependent. Two types of solvers are utilized to solve such a system: coupled solvers
or segregated solvers. With a coupled solver, the momentum and continuity equations are
solved simultaneously. This requires the entire system of equations to be stored at the
same time which requires more memory and time per iteration. The number of iterations
to convergence is usually less for a coupled solver [49].
A segregated solver makes an initial guess at the pressure to solve the momentum
equations. If the velocity solutions do not satisfy the continuity equation, then a pressure
correction equation is used to update the pressure field in order to resolve the momentum
equations. This process is repeated until the resulting velocities satisfy the continuity
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equation. Various pressure correction schemes exist while one of the most commonly
used schemes is SIMPLE (Semi Implicit Method for Pressure Linked Equations). Since
the momentum and continuity equation are not solved simultaneously, only one equation
at a time must be stored in the memory which requires less overall memory compared
to coupled solvers. However, segregated solvers often require more iterations to obtain
convergence due to the guess and check nature of the segregated method [49].

B.3.3

ANSYS Fluent Analysis

Two-phase VOF case was set up to model the thermocapillary flow in a 10 by 100 cm
closed rectangular channel. The goal of this analysis was to compute the thermocapillary
fluid dynamics, visualize the gas-liquid interface disturbances, and estimate the amount of
flow time to reach a steady state. Adiabatic and no-slip boundary conditions were applied
at the top and bottom walls while the left and right wall were held at a constant temperature.
Half the channel was initialized with liquid water while the other half was left as air. To
vary the surface tension with temperature, a user-defined function implemented.
The channel domain was meshed using ANSYSICEM CFD meshing software. ICEM
CFD allows for the importing of CAD geometries as well as the utilization of numerous
geometry tools for building and meshing of custom designs. Although most commonly
used CFD solvers require unstructured meshing, ICEM CFD allows for the creation of
structured and unstructured meshes [49].
To minimize residuals, small step sizes on the order of hundreds or thousands of a
second were used. This required a significant computation time to determine if a case was
behaving as expecting. One of the several cases run had promising results, but only 16 s
worth of flow data was able to be calculated over the last two weeks. Thus, no conclusions
were drawn.
Ultimately this portion of the project provided no meaningful data. If this analysis were
to be continued, other CFD solvers would be considered and a more complex meshing
scheme near the hot wall and along the interface would be implemented.

